Refractory castables were prepared from 85 mass% graded SiC slab waste as an aggregate and 15 mass% of either 50% or 80% alumina cement using the suitable amount of gauging water. The prepared castable samples were subjected to different firing temperatures 20°C, 800°C, 1000°C, 1300°C , 1400°C, 1500°C and 1600°C. The sintering parameters (bulk density and apparent porosiy), mechanical properties (cold crushing strength) as well as refractory properties (refractoriness, thermal shock resistance as well as refractoriness under load) were tested according to the international standard specifications. The mineralogical compositions of the fired castables were investigated using X-ray diffraction analysis (XRD). The microstructure of some selected fired castable samples was testes using scanning electron microscope (SEM) attached with energy dispersive X-ray unit (EDX). Castable samples containing 50% alumina cement showed good sintering, mechanical as well as refractory properties limited up to 1400°C while those of castable samples containing 80% alumina cement are extended to 1600°C. The improved properties of the fired castables are correlated with the matrix advantage system; mullite-SiC-CA6-corundum resulting from the reaction of the fine grains of SiC with calcium aluminate cement. The relatively improved properties of castables containing 80% alumina cement is due to the high purity of the cement and hence the little content of the low melting phases formed which affect adversely the refractory properties of castable samples containing 50% alumina cement. SiC refractory castables bonded by CAC can be nominated as refractory lining for the ancillary areas (coolers, nozzles, burner, and cone) and preheaters of the rotary cement kiln.
Introduction
Survival of the refractory industry is mainly influenced by the ability of the manufacturer to promptly respond two factors: market requests and production technology meet consumers' needs. These factors have to be strongly correlated with the economy. In the frame of these conditions, and with the advent of high purity, high alumina cement during 1960's, there is a consistent tendency among the manufacturers to increase the share of unshaped castables in the overall balance of refractory materials. This is due to their ease of installation and repair and economy of construction labor compared with shaped refractories construction. Common castable refractories materials incorporate alumina cement as a binder and therefore they are classified into two categories: one is "cement castables" that sets up due to the hydration reaction of alumina cement and the other is "Low and ultra low Cement Castable" that sets up due to the agglomeration of ultra-fine powder with the help of a reduced amount of alumina cement.
Refractory castables generally have low shrinkage during production which is considered especially important when manufacturing large shapes.
1) It has a little restriction on shapes since refractory castables are readily cast into complex shapes.
To date, the most refractory castables have been being produced are corundum, alumina silicate and spinel composition. Such kinds of these refractory castables have wide range of applications which range from the combustion chambers of oilburning home-heating plants to huge heat-treating furnaces in steel-fabricating plants.
SiC-based materials are attracting more and more attention within research activities in advanced refractories across the world. This is due to its outstanding properties, which include mechanical strength, wear resistance, heat conductivity, and thermal shock resistance. These types of specification offer these materials to be good candidates for applications involving harsh working environment and different fields of industries. Although the new generation of refractory castables based on silicon carbide that have promised properties in terms of extraordinarily high thermal shock resistance, high strength and high-temperature creep stability, are still modest. 2) As it is well-known that aluminosilicate-in particularly the mullite (3Al2O3.2SiO2)-has long been recognized as an outstanding ceramic material for high-temperature engineering applications because of its good strength at high temperature, low creep rate, low thermal expansion coefficient and chemical stability.
3)-8) Therefore the creation of aluminousilicate bonded castables will support and improve the castable articles.
In rotary cement kilns, the majority of refractories used are either high alumina or magnesite spinel. Generally in brick form, alumina materials are used in the preheat zone, while basic brick is used in the burning, transition and cooling zones. In ancillary areas such as preheaters and coolers, high alumina refractories, especially monolithics have gained popularity. In some rotary cement kiln, more than two millions tons per year pass through the ancillary areas (coolers, nozzles, burner, and cone), therefore, these areas are subjected to high and repeated mechanical impact at elevated temperatures as well as chemical attack. Therefore, it JCS-Japan is crucial that the refractory castables should have adequate thermal, mechanical and chemical characteristics at operating temperature in order to withstand the thermal and mechanical stress as well as chemical stress results during the process. In the view of the operating condition of the rotary cement kiln and SiC characteristics, successful manufacturing of castables based SiC can be installed quickly and give better life, thus reducing overall refractory costs and increasing reliability in this critical area of the operation.
On the other hand, a considerable quantity of spent silicon carbide slabs (carborundum) is generated annually by Egyptian ceramic companies. Most of spent refractory is disposed of in landfill and contaminates the virgin raw materials. The successful reuse/recycling of these silicon carbide slabs refractory materials after removal from ceramic industrial service will be benefit from the economic point of view. Recently, Ewais et al. 9 )-10) has successfully recycled these materials in a manner similar to its original application. However, these efforts are still very few.
In the frame of this background, the aim of this work is to evaluate the feasibility of recycle the silicon carbide slabs into new generation of castables based on SiC waste. The response of the bonding of two kinds of refractory cements (high and low alumina) on the characteristics of the product will be examined. Since the ancillary areas (preheater, cooler and kiln hood) in the rotary cement kiln are exposed to severe thermal and mechanical changes as the two important factors, therefore refractoriness, thermal shock resistance and refractoriness under load as well as cold crushing strength and densification parameter will be used as criteria for evaluation the resulted castables.
Materials and experimental procedure

Materials
The industrial waste of silicate bonded silicon carbide plates from one of Egyptian ceramic industry consumer was chosen for characterization and recycling studies. Representative sample was collected and crushed into -3 mm. Two kinds of calcium aluminate cement (CAC) termed; low purity CAC (50% alumina) and high purity CAC (80% alumina). Chemical analysis of silicon carbide slab waste and CAC (Secar quality, Kerneos aluminate technologies, Chesapeake, VA) were given in Table 1 .
Experimental procedure
Castables preparation
Refractory castables were prepared from 85% industrial SiC slab waste graded into three different grain size; 2.36 mm -1.18 mm (60 mass%), 1.18 mm -90 μm (15 mass%) and < 90 μm (25 mass%) in addition to 15 mass% of either low purity (50% alumina) or high purity (80% alumina) cement. The castable samples were wetted with the suitable amount of mixing water determines according to "good ball in a hand" standard test.
11) The pastes were molded in 6 × 6 × 6 cubic centimeter steel mould. After 24 h the hardened cubic castable samples were kept under water for three days in a 100% relative humidity cupboard. Then, the samples were fired at temperature range between 400-1600°C for 2 h at each peak temperature in an electric furnace. The heating rate was 5°C/min. The samples were allowed to cool gradually overnight.
Evaluation 2.2.2.1 Phase compositions and microstructure of the fired castables
The phases composition of the SiC slab waste as well as some fired castable samples were investigated using X-ray diffraction analysis (D8 Advanced Bruker AXS, GMbH, Karlsruhe, Germany). This instrument with accompanied software was used to perform the semi-quantitative analysis and the identification of the developed phases. The chemical constitutions of the used SiC slab waste was also investigated through X-ray fluorescence technique (XRF), an instrument XRF (BRUKER-XRF-3400) was used.
Microstructural investigation of some fired castable samples was conducted by Scanning Electron Microscope (SEM, Model JSM-5410, JEOL Ltd.) with electron dispersive spectroscopy (EDS). Such investigations were performed to identify the sample textures, phases and their distribution.
Technological properties of the fired castables
The sintering parameters (bulk density and apparent porosity) and mechanical properties (cold crushing strength) were tested for the hydrated samples at room temperature (25°C) as well as after subjection to different firing temperatures; 400°C , 800°C, 1300°C, 1400°C, 1500°C and 1600°C. Some refractory properties; refractoriness, thermal shock resistance (TSR) and refractoriness under load (RUL) were tested for the fired castable samples at 1400 (bonded by low purity CAC) and at 1600°C(bonded by high purity CAC). Sintering, mechanical and refractory properties were carried adopting the International standard specifications.
12)-16) a) Sintering parameters
The sintering behavior of the fired samples was evaluated on the basis of bulk density(g/cm 3 ), and apparent porosity (%), as required by ISO 5017-1998, 12) which involves boiling in water for 2 h and cooling for 3 h at room temperature. The following formula was used in calculation of the bulk density and apparent porosity:-Bulk density (g/cm
where A is weight of oven-dried sample in air, g B is weight of sample in water after immersion and boiling, g C is weight of sample suspended in water, g δ is the density of water = 1 g/cm 3 .
b) Mechanical test
Mechanical strength in term of cold crushing strength (CCS) 13) of the fired and unfired samples were measured using Control Hydraulic Press model (Controls (CE), Datamatic, Italy). The cold crushing strength was determined by applying a load at uniform rate to the central part of both side faces with respect to the position of specimen as molded, using bearing plates. This test 
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The refractoriness 14) is defined as the ability of the material to withstand exposure to elevated temperatures without undergoing appreciable deformation. The refractoriness of the fired bodies (1600°C) were tested using Segar cone fusion test in which the samples were cut in the form of a cone and placed on an alumina disc, fitted with refractory cement, together with a series of standard cones. During firing the tested samples were observed and compared with the standard cones through a pyrometer attached with the furnace. The refractoriness of the tested samples is considered between the nearest two standard cones that melt simultaneously with the tested one. The adopted temperature rise technique involved heating of the loaded samples to high temperatures until either collapse or a specified amount of deformation occurs. The temperature of the furnace was raised by a rate of 5°C/min up to 500°C then it raised by a rate of 10°C/min until a significant e subsidence (deformation) of the test pieces reach 0.5% at least. Temperature of beginning of subsidence (T0.5) is a significant value which describes the temperature corresponding to the subsidence of 0.5% of the initial height of the test piece. The deformation corresponds to 1% of the initial height of the test piece and its corresponding temperature T1 was recorded.
e) Thermal shock resistance (TSR)
Thermal shock resistance of the fired samples were carried out according to DIN 51068-1 (1976). 16) The fired samples were heated up to 950°C and then quenched into water at 20°C. Heating/water quenched cycles were recorded up to failing of the samples.
Results and discussion
Mineralogical and chemical compositions of
SiC slab waste Figure 1 shows X-ray diffraction patterns of SiC slab waste, all the main peaks characterizing SiC could be observed together with few peaks characterizing tridymite, no other peaks characterizing any other impurities could be observed. The chemical composition of SiC slab waste given in Table 1 reveals that it composed of 86.90% SiC and 8.80% SiO2 with very little contents of Al2O3 (3.40%), and very low content of Fe2O3 (0.90%) which confirm the X-ray diffraction data indicating that the used SiC slab waste consists mainly of two forms of α -SiC (Moissonite 6H-SiC & Moissonite 4H-SiC) together with a little but considerable content of tridymite (silica) and quartz. This is due to the oxidation of the SiC plates as result from the repeated fired cycles. 17) 3.2 Phase compositions and microstructure of the fired castables Figure 2 shows the results of XRD analysis of two SiC refractory castables; (1) Fired castable at 1400°C, and bonded by low purity calcium aluminate cement "CAC" (50 mass% Al2O3), and (2) Fired castable at 1600°C and bonded by high purity CAC (80 mass% Al2O3). It can be seen that both kinds of castables is composed mainly of α -SiC (Moissonite 6H-SiC & Moissonite 4H-SiC) and considerable amount of mullite (3Al2O3.2SiO2) and calcium hexaaluminate (CaO.6Al2O3: "CA6"). However, the content of mullite is higher in the bonded castable by high purity CAC compared by the castable bonded by low purity CAC. This is logic because the addition of high purity CAC means addition of more alumina and consequently the formation of mullite and increasing of its amounts is possible. Figure 3 shows the typical castables made of SiC and both low and high CAC. The investigation of the surface of both pieces illustrates that SiC is strongly bonded by fine grains. This bond seems to be liquid in the castable made by incorporation of low purity CAC. In contrast, in the castables made using high 
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purity CAC, SiC grains is well-distributed in the matrix and strongly bonded by fine crystalline phases. On the other hand, the investigation of the fracture surface of the both castables using SEM as seen in Fig. 4 , the microstructure is characterized by strongly bonded SiC of different crystal shape. Figures 5 and 6 show the bulk density and apparent porosity of the green as well as fired castable samples. The figure shows a noticeable decrease in bulk density after firing at 400°C, the decrease continues on firing up to 800°C, begin to decrease after firing at 1300°C, reaching its maximum value after firing at 1500°C for castable samples prepared from low purity CAC and at 1600°C for castable samples containing high purity CAC. The apparent porosity behaves oppositely to the bulk density. The considerable bulk density values at room temperature (25°C) is due to the hydration of the CAC present in the castable composition, calcium aluminates react with water to form calcium aluminate hydrates which is responsible for binding the matrix, filling cavities, voids and pores resulting in increasing bulk density and decreasing apparent porosity. 18) On firing at 400°C, the hydraulic bonds break down resulting in a loosed matrix and hence a decrease in bulk density corresponded with an increase in apparent porosity, this behavior steadily occur after firing at 800°C at which the hydraulic bonds are completely destroyed while no ceramic bond has been formed yet with which the bulk density reaching its minimum value corresponded with the maximum apparent porosity. 18) On firing at 1300°C, calcium aluminate cement "CAC" reacts with the fine grains of SiC slab waste aggregate and ceramic bonds are formed as a result of sintering resulting in a dense matrix and hence low porosity. Further firing up to 1500°C, in castable samples containing low purity cement and more at 1600°C in castable samples containing high purity cement a part of the silica present react with alumina from the cement to form mullite mineral (3Al2O3.2SiO2). At the same time as a result of consuming alumina from the cement to form mullite the Al2O3/CaO increasing enough to form CA6. Thus a new assemblage of minerals is generated; SiC-mullite-CA6 system. All the candidates of this system assist sintering, SiC forms and support the matrix, mullite in the form of rods and needles fill the cavities, voids and pores while CA6 forms a network supporting the microstructure. In addition to the impurities either from cement or SiC slab waste reacts with silica, alumina and calcia to form some glassy phases that diffuse in the matrix binding all other constituents together. This in turns leads to a noticeable improvement in densification and sintering. Moreover, the oxidation of SiC produces a protective oxidation process, because the SiO2 formed on the surface protects the inner SiC from oxidation, 18)-22) so the bulk density reaches its maximum value while apparent porosity percent decreases to the minimum. The relatively better sintering of castable samples prepared from low purity CAC is due their higher contents of impurities and hence relatively higher content of glassy phases after firing. Figure 7 shows considerable cold crushing strength values of the green samples as a result of the formation of calcium aluminate hydrate resulting from the hydration of the present cement, calcium aluminate hydrate play the main role of bonding on cold. On firing at 400°C and further up to 800°C leads to a noticeable deterioration in cold crushing strength values, again due to the break down of the hydraulic bonds resulting in a 
Sintering parameters of the prepared castables
Mechanical properties (cold crushing strength)
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loosed structure with pores and voids that can not resist the mechanical stress.
18) The relatively higher values of cold crushing strength after firing at 1300°C is correlated with the formation of ceramic bonds and in relatively improved sintering. The pronounced improvement in mechanical properties after firing at 1500°C (castable samples containing low purity CAC) and further at 1600°C (castable samples containing high purity CAC) is correlated with the formation of the new assemblage of minerals; SiC-mullite-CA6 system, each candidate of this system is known with its higher mechanical properties in addition to the dense matrix that contain no or low level of cavities, pores or voids, this compact and dense microstructure results in the noticeable improved mechanical properties. Once again castable samples with low purity CAC shows relatively better mechanical properties which reflected from their relatively better sintering. Table 2 shows that castable sample containing low purity CAC (Mix No.1) withstand 1580°C while castable sample containing high purity CAC (Mix No. 2) withstand 1650°C, the relatively lower refractoriness of the first is due to the relatively higher contents impurities present low purity cement that reacts with silica from the fine SiC slab waste aggregate to form low melting point compound (glassy phases that adversely affects their refractoriness. On the other hand the presence of high purity CAC in the second leads to the valuable refractory system SiC (2730°C)-CA6 (1885°C) -mullite (1890°C).
Thermal shack resistance (TSR)
Castable samples prepared from pure CAC could withstand > 50 cycles while those containing low purity CAC could not withstand more than 40 cycles of heating at 1000°C and quenching in water without any sign of cracking. The good thermal shock resistance of castable samples containing pure CAC is due to the thermal expansion mismatch between minerals constituting the fired castable samples; SiC (4.5 × 10 -6 /°C)-CA6 (8 × 10 -6 /°C)-mullite (5.4 × 10 -6 /°C) phases which results in microcracking in the body and tensile hoop stresses around the SiC grains that helps to restrict the crack propagation by interlinking during failure and hence strengthens the composite body. In addition, the formation of CA6 crystals enhances refractory castable thermal shock resistance because it increases the required energy for crack propagation.
23)-25) Therefore, CA6 crystal is a good linkage with the castable components and provides a bridging toughening mechanism. The presence of relatively higher contents of glassy phases close most pores and voids of the sintered castable samples prepared from low purity CAC which increases the stress on the grain boundaries resulting in relatively lower thermal shock resistance. Since the thermal stress, which is generated during the thermal cycles, is effectively absorbed by the porosity and in turn prevent the catastrophic crack propagation, 26) therefore, the castables made from low purity CAC (low porosity) gives low TSR compared by the castable made from high purity CAC.
3.5.3 Refractoriness under load (RUL) Figure 8 shows thermomechanical behavior in term of refractoriness under load (RUL) up to failure of both fired castables. The maximum expansion of the castables made using high purity CAC is 1.09% at 1413°C and T0.5 and T1 are 1580°C and 1620°C respectively. However, the maximum expansion of the castables made using low purity CAC is 0.27% at 1200°C and T0.5 is 1340°C. Generally, RUL of the refractory castables depends on three microstructural features termed; (1) apparent porosity, (2) amount, composition and distribution of glassy phases, and 3-size, morphology and distribution of the crystalline phases. In the light of results of the phase composition and microstructure of the investigated castables discussed above, castables made using high alumina cement is composed of well-distributed crystalline phases. In contrast, castable made using low purity CAC has liquid phases. Therefore, resulted improvement in the thermal properties of the castable made using high purity CAC can be understood in term of the microstructure and phase composition feature. Also, this behavior follows the same trend of thermal shock results.
Conclusion
SiC slab waste could be used as a suitable aggregate together with either low purity or high purity CAC for the preparation of refractory castables. The prepared castable samples containing low purity CAC are characterized with considerable sintering, mechanical and refractory properties that enable their use at temperatures up to 1400°C while those containing high purity CAC are characterized with improved properties enable their use at relatively higher temperatures up to 1600°C. In the light of the rotary cement kiln parameters that mentioned in the introduction and the results of this work, it can be concluded that SiC refractory castables bonded by CAC is suitable for the ancillary areas (coolers, nozzles, burner, and cone) and preheaters. High purity CAC bonded SiC castable can be nominated to kiln hood while low purity can be nominated to coolers.
